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TREATMENT DELIVERY OPTIMIZATION 

TECHNICAL FIELD 

[0001] This invention relates to the ?eld of radiation 
treatment and, in particular, to optimization of treatment 
delivery. 

BACKGROUND 

[0002] Pathological anatomies such as tumors and lesions 
can be treated With an invasive procedure, such as surgery, 
Which can be harmful and full of risks for the patient. A 
non-invasive method to treat a pathological anatomy or 
other target is external beam radiation therapy. A “target” as 
discussed herein may be an anatomical feature(s) of a patient 
such as a pathological anatomy (e.g., tumor, lesion, vascular 
malformation, nerve disorder, etc.) or normal anatomy and 
may include one or more non-anatomical reference struc 

tures. In one type of external beam radiation therapy, an 
external radiation source is used to direct a sequence of x-ray 
beams at a tumor site from multiple angles, With the patient 
positioned so the tumor is at the center of rotation (isocenter) 
of the beam. As the angle of the radiation source changes, 
every beam passes through the tumor site, but passes 
through a different area of healthy tissue on its Way to the 
tumor. As a result, the cumulative radiation dose at the tumor 
is high and the average radiation dose to healthy tissue is 
loW. 
[0003] The term “radiotherapy” refers to a procedure in 
Which radiation is applied to a target region for therapeutic, 
rather than necrotic, purposes. The amount of radiation 
utilized in radiotherapy treatment sessions is typically about 
an order of magnitude smaller, as compared to the amount 
used in a radiosurgery session. Radiotherapy is typically 
characterized by a loW dose per treatment (e.g., 100-200 
centiGray (cGy)), short treatment times (e.g., 10 to 30 
minutes per treatment) and hyperfractionation (e.g., 30 to 45 
days of treatment). For convenience, the term “radiation 
treatment” is used herein to include radiosurgery and/or 
radiotherapy unless otherWise noted. 
[0004] Conventional radiation treatment can be divided 
into at least tWo distinct phases: treatment planning and 
treatment delivery. A treatment planning system may be 
employed to develop a treatment plan to deliver a requisite 
dose to a target region, While minimizing exposure to 
healthy tissue and avoiding sensitive critical structures. A 
treatment delivery system may be employed to deliver the 
radiation treatment according to the treatment plan. Treat 
ment plans specify quantities such as the directions and 
intensities of the applied radiation beams, and the durations 
of the beam exposure. A treatment plan may be generated 
from input parameters such as beam positions, beam orien 
tations, beam shapes, beam intensities, and radiation dose 
distributions (Which are typically deemed appropriate by the 
radiologist in order to achieve a particular clinical goal). 
Sophisticated treatment plans may be developed using 
advanced modeling techniques and optimization algorithms. 
[0005] TWo kinds of treatment planning procedures are 
conventionally knoWn: forWard planning and inverse plan 
ning. In forWard treatment planning, a medical physicist 
determines the radiation dose of a chosen beam and then 
calculates hoW much radiation Will be absorbed by the 
tumor, critical structures (i.e., vital organs), and other 
healthy tissue. There is no independent control of the dose 
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levels to the tumor and other structures for a given number 
of beams, because the radiation absorption in a volume of 
tissue is determined by the properties of the tissue and the 
distance of each point in the volume to the origin of the beam 
and the beam axis. The treatment planning system then 
calculates the resulting dose distribution and the medical 
physicist may iteratively adjust the values of the treatment 
parameters during treatment planning until an adequate dose 
distribution is achieved. 
[0006] In contrast, the medical physicist may employ 
inverse planning to specify the minimum dose to the tumor 
and the maximum dose to other healthy tissues indepen 
dently, and the treatment planning system then selects the 
direction, distance, and total number and intensity of the 
beams in order to achieve the speci?ed dose conditions. 
Given a desired dose distribution speci?ed and input by the 
user (e.g., the minimum and maximum doses), the inverse 
planning module selects and optimizes dose Weights and/or 
beam directions, i.e. select an optimum set of beams that 
results in such a distribution. Inverse planning may have the 
advantage of being able to produce better plans, When used 
by less sophisticated users. 
[0007] Developing an appropriate treatment plan is espe 
cially challenging for tumors that are larger, have irregular 
shapes, or are close to a sensitive or critical structure. Some 
conventional radiation systems attempt to optimize the treat 
ment plan prior to delivery. One such radiation system is the 
TomoTherapy Hi-Art System® available from Tomo 
Therapy, Inc., of Madison, Wis. The Hi-Art System facili 
tates optimization of the treatment plan by calculating a 
planned dose into a phantom and then measuring a dose 
delivered into the phantom. Although such a system may 
facilitate optimization of the treatment plan during the 
treatment planning stage, it does not optimize radiation 
treatment based on the radiation actually delivered to the 
target region during the treatment delivery stage. 
[0008] Whether forWard planning or inverse planning is 
used, conventional treatment plans assume speci?c treat 
ment conditions. HoWever, the actual treatment conditions 
during treatment delivery are typically di?ferent from the 
treatment planning assumptions. Such dilferences are not 
re?ected in the treatment plan because they are unknoWn at 
the time of treatment planning and may result in an error 
betWeen the planned radiation dose and the actual radiation 
dose. Conventional radiation treatment systems alloW such 
deviations as acceptable tolerance errors and do not deter 
mine or generate any kind of record of the error. Further 
more, conventional radiation treatment systems do not alloW 
the treatment delivery to be modi?ed based on the di?‘erence 
betWeen the planned dose and the actual dose delivered. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] The present invention is illustrated by Way of 
example, and not by Way of limitation, in the ?gures of the 
accompanying draWings. 
[0010] FIG. 1 illustrates a graphical representation of one 
embodiment of a radiation treatment display shoWing a 
target region. 
[0011] FIG. 2 illustrates a graphical representation of the 
radiation treatment display shoWing actual dose isocontours. 
[0012] FIG. 3 illustrates another graphical representation 
of the radiation treatment display shoWing actual dose 
isocontours. 
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[0013] FIG. 4 illustrates a schematic diagram of a treat 
ment delivery process. 
[0014] FIG. 5 illustrates a schematic diagram of an alter 
native treatment delivery process. 
[0015] FIG. 6A illustrates a schematic diagram of one 
embodiment of an optimized node set. 
[0016] FIG. 6B illustrates a schematic diagram of another 
embodiment of an optimiZed node set. 
[0017] FIG. 7 illustrates a schematic ?oW chart of a 
treatment optimization method. 
[0018] FIG. 8 illustrates a schematic ?oW chart of an 
alternative treatment optimiZation method. 
[0019] FIG. 9 illustrates a schematic ?oW chart of a dose 
comparison method. 
[0020] FIG. 10 illustrates one embodiment of a treatment 
system that may be used to perform radiation treatment in 
Which embodiments of the present invention may be imple 
mented. 
[0021] FIG. 11 is a schematic block diagram illustrating 
one embodiment of a treatment delivery system. 
[0022] FIG. 12 illustrates a three-dimensional perspective 
vieW of a radiation treatment process. 

DETAILED DESCRIPTION 

[0023] The folloWing description sets forth numerous spe 
ci?c details such as examples of speci?c systems, compo 
nents, methods, and so forth, in order to provide a good 
understanding of several embodiments of the present inven 
tion. It Will be apparent to one skilled in the art, however, 
that at least some embodiments of the present invention may 
be practiced Without these speci?c details. In other 
instances, Well-knoWn components or methods are not 
described in detail or are presented in simple block diagram 
format in order to avoid unnecessarily obscuring the present 
invention. Thus, the speci?c details set forth are merely 
exemplary. Particular implementations may vary from these 
exemplary details and still be contemplated to be Within the 
spirit and scope of the present invention. 
[0024] The folloWing description relates to optimiZed 
radiation treatment delivery. A treatment plan is based on 
certain assumptions regarding the potential conditions dur 
ing treatment delivery HoWever, the actual conditions during 
treatment delivery may be different from those assumptions. 
In one embodiment, the method described herein tracks the 
position of the tumor during treatment delivery and calcu 
lates an actual dose delivered during treatment delivery, 
taking into account tumor and intervening tissue movement 
during treatment. During a treatment session, the radiation 
delivered in subsequent treatment positions may be adjusted 
to optimiZe the actual radiation delivered relative to the 
treatment plan. Such optimiZation may occur Within a speci 
?ed threshold. In certain embodiments, the optimiZation 
may be done during the current treatment, immediately 
folloWing the current treatment, or during a subsequent 
fraction. In one embodiment, an operator may decide to 
augment the current treatment With additional treatment 
positions to optimiZe the treatment delivery so that the actual 
dose delivered is closer to the calculated dose used to 
develop the treatment plan. In another embodiment, the 
operator may receive real-time feedback of these recom 
mended dose adjustments during treatment and at the end of 
treatment. If the operator decides to implement changes to 
the treatment, the operator may change the dose at a node, 
add a node, cancel a node, or terminate the treatment 
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session. In a further embodiment, the treatment delivery may 
be optimiZed relative to a single treatment delivery condi 
tion, rather than speci?cally to the actual dose delivered. 
[0025] FIG. 1 illustrates a graphical representation of one 
embodiment of a radiation treatment display 10 shoWing a 
target region 20. The displayed image may be a slice of a 
computed tomography (CT) image or an image obtained 
using another modality (e.g., magnetic resonance (MR), 
positron emission tomography (PET), etc.). In one embodi 
ment, the target region 20 is a tumor. Alternatively, the target 
region may be another pathological anatomy. In other 
embodiments, the radiation treatment display 10 also may 
shoW the relative location of surrounding soft tissues or 
critical structures. Some examples of critical structures 
include vital organs, bones, and other physical structures 
that may be affected by radiation treatment. 
[0026] Treatment planning softWare enables the genera 
tion of a target region contour 25 around the target region 20. 
The target region contour 25 may be delineated manually or 
through an automated process. The task of delineating the 
target region contour 25 may be complex due to the three 
dimensional nature and irregularities of the pathological and 
normal anatomies, as Well as the potentially limited number 
of beam positions available from the radiation beam source. 
Based on a speci?ed minimum dose to the target region 20 
and the maximum dose to nearby critical structures, the 
treatment planning softWare generates a dose isocontour 30 
for the target region 20. The dose isocontour 30 represents 
a given dose percentage (e.g., 60%, 70%, 80%, etc.) of a 
speci?ed prescription dose for the target region 20. In one 
embodiment, the dose isocontour 30 matches the target 
region contour 25 of the target region 20. In other embodi 
ments, the dose isocontour 30 generated by the treatment 
planning softWare partially mismatches the target region 
contour 25 and may include portions of the surrounding 
tissue or critical structures. 

[0027] TWo principal considerations for an effective radia 
tion treatment system are homogeneity and conformality. 
Homogeneity is the uniformity of the radiation dose over the 
volume of the target (e.g., pathological anatomy such as a 
tumor, lesion, vascular malformation, etc.) and is character 
iZed by a dose volume histogram (DVH). An ideal DVH for 
a target region 20 Would deliver 100 percent of the radiation 
dose over the volume of the target region 20 and Zero 
radiation elseWhere. Conversely, a DVH for a critical struc 
ture delivers as little of the radiation dose as possible to the 
critical structures. 

[0028] Conforrnality is the degree to Which the radiation 
dose matches (conforms) to the shape and extent of the 
target region 20 (e.g., tumor) in order to avoid damage to 
adjacent critical structures. More speci?cally, conformality 
is a measure of the amount of prescription (Rx) dose 
(amount of dose applied) Within a target region 20, also 
referred to as a volume of interest (VOI). Conforrnality may 
be measured using a conformality index (CI):total volume 
at >:Rx dose/target volume at >:Rx dose. Perfect confor 
mality results in a CIIl. With conventional radiotherapy 
treatment, using treatment planning softWare, a clinician 
identi?es a dose isocontour for a corresponding VOI for 
application of a treatment dose (e.g., 3000 cGy). 
[0029] FIG. 2 illustrates a graphical representation of the 
radiation treatment display 10 shoWing actual dose isocon 
tours 35 and 40. The ?rst actual dose isocontour 35 (shoWn 
dashed) is superimposed relative to the target region contour 
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25. The second actual dose isocontour 40 (shown dashed) is 
superimposed relative to the planning dose isocontour 30. 
The difference 45 (shown shaded) between the target region 
contour 25 and the ?rst actual dose isocontour 35 represents 
the area within the target region contour 25 that received less 
than the planned radiation dose. Similarly, the difference 50 
(shown shaded) between the planned dose isocontour 30 and 
the second actual dose isocontour 40 represents the area 
within the planned dose isocontour 30 that received less then 
the planned radiation dose. In this way, the radiation treat 
ment display 10 may graphically illustrate the underdosage 
regions 45 and 50 based on the difference between the 
planned dose and the dose that is actually delivered. 
[0030] FIG. 3 illustrates another graphical representation 
of the radiation treatment display 10 showing actual dose 
isocontours 35 and 40. Similar to FIG. 2, the ?rst actual dose 
isocontour 35 (shown dashed) is overlaid relative to the 
target region contour 25 and the second actual dose isocon 
tour 40 (shown dashed) is overlaid relative to the planning 
dose isocontour 30. FIG. 3, however, graphically illustrates 
the overdosage regions 55 and 60, rather than the underdos 
age regions 45 and 50 shown in FIG. 2. The difference 55 
(shown shaded) between the target region contour 25 and the 
?rst actual dose isocontour 35 represents the area outside of 
the target region contour 25 that received more than the 
planned radiation dose. Similarly, the difference 50 (shown 
shaded) between the planned dose isocontour 30 and the 
second actual dose isocontour 40 represents the portion area 
outside of the planned dose isocontour 30 that received less 
then the planned radiation dose. In this way, the radiation 
treatment display 10 may graphically illustrate the overdos 
age regions 55 and 60 based on the difference between the 
planned dose and the dose that is actually delivered. 
[0031] In one embodiment, treatment delivery software or 
other system components facilitate determining the actual 
dose isocontours 35 and 40, based on one or more treatment 
delivery conditions. Treatment delivery conditions refer 
generally to factors that may in?uence the delivery of the 
radiation treatment, and are divided into two categories: 
delivery parameters and external factors. Delivery param 
eters are factors controlled by or subject to the treatment 
delivery system. Exemplary delivery parameters that in?u 
ence the actual dosage delivered to a target region 20 may 
include, but are not limited to, calibration tolerances, beam 
positions, beam orientations, beam shapes, beam intensity, 
beam status, attenuation of absorption of intervening tissues 
and structures, and so forth. External factors, or other 
factors, are external to the treatment delivery system. Exem 
plary external factors that may in?uence the actual dosage 
delivered to a target region 20 include, but are not limited to, 
ambient temperature, humidity, air pressure, and so forth. 
[0032] In general, the total dose delivered to the target 
region 20 is the sum of the combined dose resultant from 
each of the radiation treatment beams. In one embodiment, 
a dose calculation for a single radiation beam may be de?ned 
by the following equation: 

800 )2 

in which dose(x) is measured in cGy, a standard unit of 
radiation dose, and x is a point in space. The variable MU 
is the number of Monitor Units for the radiation beam. This 
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is linearly related to the amount of time for which the 
radiation beam is active. The variable TMR(x) is the Tissue 
Maximum Ratio measured at the point (x). This models the 
attenuation of the beam due to passing through tissue. In one 
embodiment, the density values from the CT may be used to 
give an “effective depth” which determines the amount of 
attenuation. The variable OP is the Output Factor related to 
the collimator being used. In one embodiment, it is not 
spatially variant, but instead models the number of photons 
per unit time leaving the collimator. The variable OCR(x) is 
the Off-axis Correction Ratio, which models the radiation 
intensity in the cross section of the beam. The variable 
SAD(x) is the Source-Axis Distance. This is the distance 
from the radiation source to the point (x). This parameter 
models the inverse-square fall-olf of photon count as dis 
tance from the radiation source increases. Although one 
equation is provided for performing a dose calculation, other 
delivery parameters and/or external factors may in?uence 
the dose calculation. 
[0033] Where a total dose is tallied over time and multiple 
radiation beams, the total dose for multiple radiation beams 
may be de?ned by the following equation: 

in which D(x) is the total dose (measured in cGy), x is a 
point in space, i is a speci?c beam within a beam set, {B1, 
l<i<N}, where N may be any number (e.g., N:500), W1. is a 
beam weight for the i-th beam, and dl-(x) is the dose value 
delivered to x when W, is set to unity. 
[0034] Additional details of dose calculation are known in 
the art; accordingly, a more detailed description is not 
provided herein. More detailed descriptions of dose calcu 
lations may be referenced in, for example, FaiZ M. Khan, 
The Physics of Radiation Therapy, 3d, Lippincott Williams 
& Wilkins 2003, and American Association of Physicists in 
Medicine, AAPM Report No. 85: Tissue Inhomogeneity 
Corrections for Megavoltage Photon Beams, Wisconsin, 
Medical Physics Publishing 2004. 
[0035] In regard to the delivered dose, the above dose 
calculation may be modi?ed by changing the parameters in 
the equation above. For example, if the actual movement of 
the target region is known relative to the radiation beam at 
a given point in time, the dose may be recalculated using 
modi?ed inputs for some or all of the variables of the dose 
calculation equation. As an illustrative example, if the 
position x changes to x+dx at time to. Then for all time t>tO, 
the value OCR(x+dx) may be substituted for OCR(x) in the 
dose calculation equation. In other embodiments, other 
variables may be modi?ed in addition to or instead of the 
off-axis correction ratio to calculate the actual radiation dose 
delivered to the target region. 
[0036] By tracking the position of the target region 20 
during treatment delivery and comparing the delivered dose 
to the planned dose, the treatment delivery system may 
determine if the planned dose is administered to the target 
region 20 or if excessive doses are administered to surround 
ing tissue or critical structures. Tracking the position of the 
target object 20 may be performed in a number of ways. 
Some exemplary tracking technologies include ?ducial 
tracking, soft-tissue tracking, and skeletal tracking. 
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[0037] In one embodiment, ?ducial tracking involves 
implanting a metal or other similar object into a patient so 
that an imaging system can determine the location of the 
?ducial Within the patient. For example, a metal ?ducial may 
be implanted Within a tumor so that the imaging system can 
detect the location of the tumor by determining the location 
of the ?ducial. 

[0038] In one embodiment, soft-tissue tracking involves 
correlating a real-time or near real-time image With a pre 
treatment image. This type of correlation is referred to as 
registration. As one example, a real-time ultrasound image 
may be registered With a pre-treatment image (e.g., MR) in 
order to determine the location or displacement of the soft 
tissue target With respect to the one or more common 
reference points. Registration may be performed using tech 
niques knoWn to those of ordinary skill in the art; accord 
ingly, a detailed description of registration is not provided. 
One reference that describes exemplary registration tech 
niques is MaintZ and Viergeverm, A Survey of Medical 
Image Registration, Oxford University Press, 1998. A ref 
erence that describes soft-tissue tracking more generally is 
Taylor and Stoianovici, Medical Robotics in Computer 
Integrated Surgery, IEEE Transactions on Robotics and 
Automation, 2003 ; 1 9(g):765-8 l. 
[0039] In one embodiment, skeletal tracking involves 
using an imaging system to determine the location of bones 
Within a patient. Skeletal tracking may be similar to ?ducial 
tracking in some Ways. Certain embodiments of skeletal 
tracking may track rigid skeletal structures that do not move 
during radiation treatment, While other embodiments may 
track skeletal structures that move relative to a given refer 
ence point. 

[0040] In another embodiment, the treatment delivery 
system may tally the delivered dose during a single session 
as each radiation beam is administered. In this Way, the 
treatment delivery system may potentially adjust the current 
treatment session in response to a determination that more or 
less radiation should be delivered to the target region 20 or 
surrounding structures. For example, the treatment delivery 
system may iteratively adjust the intensity of the radiation 
beam in subsequent treatment positions to optimiZe the 
delivered dose relative to the treatment plan, given the 
treatment conditions of the current session. One example of 
modifying a current treatment session is shoWn and 
described in more detail With reference to FIG. 4. 

[0041] FIG. 4 illustrates a schematic diagram of a treat 
ment delivery process 100. The illustrated treatment deliv 
ery process 100 represents using the delivered dose 104 to 
calculate 106 a dose difference 108 and using the dose 
difference 108 to modify a current treatment session. More 
speci?cally, the planned dose 102 from the treatment plan is 
delivered to the treatment delivery system, Which attempts 
to deliver the planned dose 102. HoWever, the delivered dose 
104 may be different from the planned dose 102 due to 
circumstances during the treatment delivery that might be 
different from the assumptions used to generate the treat 
ment plan. Therefore, the treatment delivery system calcu 
lates the delivered dose 104 based on the actual treatment 
conditions. For example, the treatment plan may assume that 
the target region 20 is in a particular location during radia 
tion treatment, but the actual location of the target region 20 
during radiation treatment may be different from the planned 
position. This difference in locations may be determined by 
tracking the target region 20 during radiation treatment 
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using ?ducial, soft-tissue, skeletal, or another tracking tech 
nology. Given the difference in locations, the delivered dose 
104 to the target region 20 may be more or less than the 
planned dose 102. Other factors, in addition to location, may 
affect the actual delivered dose 104. For example, the 
delivered dose 104 may depend on one or more of the 
folloWing: air pressure, temperature, humidity, duration that 
the beam is on, and so forth. 

[0042] The treatment delivery system uses the planned 
dose 102 and the delivered dose 104 to generate 106 a dose 
difference 108, Which represents the difference betWeen the 
planned dose 102 and the delivered dose 104. In one 
embodiment, the dose difference 108 may be Zero for a 
given beam or set of beams Where the radiation that is 
actually delivered is the same as the radiation speci?ed in the 
treatment plan. In another embodiment, the dose difference 
108 may specify areas of underdosage or overdosage or both 
compared to the treatment plan. The dose difference 108 
may be used (shoWn by the dashed arroW) in determining the 
delivery parameters of one or more subsequent radiation 
beams in the current treatment session. In one embodiment, 
the comparison betWeen the treatment plan and the actual 
treatment delivery may occur With each radiation beam. In 
another embodiment, the comparison betWeen the treatment 
plan and the actual treatment delivery may result in a 
cumulative dose difference 108, taking into account any 
resulting adjustments to the actual radiation delivered to the 
target region 10 or the surrounding soft tissue and critical 
structures. 

[0043] In one embodiment, using the dose difference 108 
to determine a delivery parameter of a subsequent radiation 
beam may be an operation Within a process to generate and 
implement a treatment delivery modi?cation. A treatment 
delivery modi?cation may be generated based on a previous 
treatment plan or may be independently generated. More 
generally, the treatment delivery system may generate a 
treatment delivery modi?cation based on any actual delivery 
condition that differs from a condition assumed in the 
treatment plan. For example, if the treatment plan generated 
during the treatment planning phase uses an assumption that 
the beam Will be on for a given duration, but the beam is 
actually on for a shorter period of time, then the treatment 
delivery system may generate and implement a treatment 
delivery modi?cation during the treatment delivery phase 
that compensates for the underdosage in subsequent radia 
tion delivery portions. 
[0044] In another embodiment, the treatment delivery 
system may modify a subsequent treatment session rather 
than the current treatment session. One example of modi 
fying a subsequent treatment session is shoWn and described 
in more detail With reference to FIG. 5. 

[0045] FIG. 5 illustrates a schematic diagram of an alter 
native treatment delivery process 110. The illustrated treat 
ment delivery process 110 represents using the delivered 
dose 104 to calculate 106 a dose difference 108 of a current 
session 120 and using the dose difference 108 to modify a 
subsequent treatment session 130. As depicted in FIG. 5, the 
current treatment session 120 is represented above the 
dashed line and the subsequent treatment session 130 is 
represented beloW the dashed line. More speci?cally, the 
planned dose 102 from the treatment plan is delivered to the 
treatment delivery system, Which attempts to deliver the 
planned dose 102. HoWever, the delivered dose 104 may be 
different from the planned dose 102 due to circumstances 
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during the treatment delivery that might be different from the 
assumptions used to generate the treatment plan. Therefore, 
the treatment delivery system calculates the delivered dose 
104 based on the actual treatment conditions. 

[0046] The treatment delivery system uses the planned 
dose 102 and the delivered dose 104 to generate 106 a dose 
di?ference 108, Which represents the difference betWeen the 
planned dose 102 and the delivered dose 104. The dose 
di?ference 108 may be used (shoWn by the dashed arroW) in 
determining the delivery parameters of one or more subse 
quent treatment sessions 130. In one embodiment, the dose 
di?ference 108 may be used to modify a treatment plan of a 
subsequent treatment session, as shoWn in FIG. 5. In another 
embodiment, the dose difference 108 may be used to modify 
a treatment delivery of a subsequent treatment session, in 
Which the dashed arroW Would point to the subsequent 
treatment delivery rather than the subsequent treatment 
planning. In another embodiment, the dose di?ference 108 
may be used to modify both a current treatment session and 
a subsequent treatment session. In another embodiment, the 
treatment delivery system may present real-time feedback to 
an operator Who may authoriZe modi?cations to the current 
treatment session or to a subsequent treatment session. 

[0047] FIG. 6A illustrates a schematic diagram of one 
embodiment of an optimiZed node set 140. In general, a node 
set is a collection of spatial nodes at Which a radiation source 
(e.g., LINAC 552) may be physically located to apply 
radiation to a target region 20 Within a patient 141. The 
spatial nodes (node set) and associated safe paths intercon 
necting these spatial nodes is called a Workspace. Different 
types of Workspaces may be created and de?ned during 
treatment planning for different patient Work areas. For 
example, a Workspace may be spherical and de?ned for 
treating a target region 20 Within a patient’s head. Alterna 
tively, a Workspace may have other geometries (e.g., ellip 
tical) and de?ned for treating a target region 20 Within 
another area of the patient 141. Additionally, multiple Work 
spaces may be de?ned for different portions of a patient 141, 
each having different radius or source to axis distances 
(“SAD”), for example, 650 mm and 800 mm. The SAD is 
the distance betWeen, for example, a collimator lens in a 
radiation source and the target region 20. 
[0048] Spatial nodes are located on the surface of Work 
space. The spatial nodes represent positions Where the 
radiation source 552 may stop during treatment delivery and 
deliver a dose of radiation to the target region 20 Within the 
patient 141. In one embodiment, a planning node set is 
de?ned during treatment planning. The planning node set 
de?nes one or more planned nodes 142 that may be used 
during treatment delivery to position the radiation source 
552. Table 1 below presents exemplary values for one 
embodiment of a planned node set, Where each planned node 
142 is designated With a letter and assigned a planned MU 
parameter. 

TABLE 1 

Planned Node Set 

Node Type MU Parameter 

A PLANNED 17.2 
B PLANNED 28.6 
C PLANNED 19.6 
D PLANNED 43 .8 
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TABLE l-continued 

Planned Node Set 

Node Type MU Parameter 

E PLANNED 11.7 
F PLANNED 11.9 
G PLANNED 0 
H PLANNED 21.2 
1 PLANNED 13.4 
J PLANNED 0 
K PLANNED 31.7 
L PLANNED 24.1 

[0049] Exemplary planned nodes 142 are designated by 
plus (‘+’) symbols in FIG. 6A. Each planned node 142 
designates a position and orientation of the radiation source 
552, as Well as an MU parameter to deliver a planned dose 
to the target region 20. In one embodiment, the MU param 
eter includes a time duration to de?ne hoW long the radiation 
beam is on at the corresponding planned node 142 since the 
MU is linearly related to the time that that the radiation beam 
is active, as described above. In another embodiment, other 
parameters may be associated With the planned nodes 142. 
[0050] During treatment delivery, the robotic arm 590 
moves the LINAC 552 to each planned node 142. Even if a 
particular treatment plan does not call for delivery of a dose 
of radiation from a particular spatial node, the LINAC 552 
still may visit that particular spatial node. In one embodi 
ment, the LINAC 552 may deviate from the planned MU at 
one or more of the treatment node set and or may deviate 

from the planned treatment (i.e., the planned node set) in 
order to deliver a modi?ed radiation dose to the target region 
20. For example, a planned node 142 may be discarded and 
replaced by a modi?ed node 144 at another spatial node of 
the Workspace. In another embodiment, the modi?ed radia 
tion dose may correspond to a change in the amount of time 
the radiation beam is active at a given node or both. In other 
embodiments, the modi?ed radiation dose may be imple 
mented by varying one or more other parameters. 

[0051] In another embodiment, the radiation dose may be 
modi?ed through variations in the collimator siZe during 
treatment, in addition to the MU and the beam direction. For 
example, modi?cation of a correction dose may be achieved 
by changing a multi-leaf collimator ?eld geometry and 
intensity either during treatment or during subsequent frac 
tions. In addition to modifying the radiation ?eld dimensions 
using a multi-leaf collimator, other embodiments may vary 
the radiation does by using interposing an attenuation leaf at 
least partially into radiation beam. In this Way, the attenu 
ation leaf may change the intensity of all or part of the 
radiation beam at the target. 

[0052] Moreover, in the case of subsequent fractions, the 
target dose may be set loW by some percentage in the initial 
fractions to avoid an overdose condition Which potentially 
may not be corrected. In other Words, planned radiation 
doses may be set established at a value less than an ideal 
value because variations in the treatment delivery may cause 
an overdose compared to the planned dose, and subsequent 
doses may be unable to compensate for, or correct, such an 
overdose. Therefore, one embodiment may aggregate plan 
modi?cations from one or more previous fractions to opti 
miZe dose delivery of a subsequent fraction to the target to 
minimize or eliminate overdose conditions. 
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[0053] In the illustrated embodiment, the LINAC 552 
delivers planned doses at each of a plurality of planned 
nodes 142. For convenience, the description herein describes 
the LINAC 552 as moving and applying sequential doses in 
a clockWise motion along the Workspace (dashed circle) 
surrounding the target region 20 of the patient 141. In other 
embodiments, the LINAC 552 may move in other directions 
or apply doses in any order. In parallel, or substantially 
concurrently With the treatment delivery at the planned 
nodes 142, the radiation system may calculate one or more 
delivered doses 104 corresponding to the radiation delivered 
at the planned nodes 142. The delivered doses 104 may be 
the same or different from the planned doses 102, as 
described above. 

[0054] If the delivered doses (individually and/or in com 
bination) are different from the planned doses 102, then the 
radiation system may calculate modi?ed doses, Which may 
be substituted for the original planned doses 102 at subse 
quent modi?ed nodes 144, Which are designated by triangles 
in FIG. 6A. The locations of the modi?ed nodes 144 may be 
the same as or different than the locations of planned nodes 
of the treatment plan. Similarly, the radiation applied at the 
modi?ed nodes 144 may be the same as or different than 
radiation of the planned doses 102 de?ned in the treatment 
plan, for example, by adjusting the MU or on-time of the 
beam. Table 2 presents exemplary values for one embodi 
ment of the modi?ed node set 140, Where the values for 
planned nodes 142A through G are the same as in Table 1 
above, and the values for planned nodes H through L are 
replaced With modi?ed nodes 144 generated in response to 
a determination that the delivered dose 104 at planned nodes 
142A through G is not the same as the planned dose 102 at 
the same nodes 142. Although MU is used in Table 2 instead 
of dose for convenience, other embodiments may use dose 
or another parameter related to dose. 

TABLE 2 

Modi?ed Node Set 

Node Type Planned MU Delivered MU Modi?ed MU 

A PLANNED 17.2 17.8 
B PLANNED 28.6 28.2 
C PLANNED 19.6 22.1 
D PLANNED 43 .8 40.1 
E PLANNED 11.7 12.1 
F PLANNED 11.9 12.6 
G PLANNED 0 0 
H MODIFIED 21.2 0.8 
I MODIFIED 13.4 1.8 
I MODIFIED 0 3.9 
K MODIFIED 31.7 6.2 
L MODIFIED 24.1 2.2 
M MODIFIED NONE N/A 3.1 

[0055] The example shoWn in Table 2 illustrates one 
embodiment of delivering modi?ed radiation doses at some 
of the planned nodes 142 in the radiation treatment plan. In 
particular, the delivered dose at each of the planned nodes 
142A through G may be determined and compared to the 
planned doses. In response to determining that the planned 
and delivered doses are not the same, modi?ed radiation 
doses may be delivered at the subsequent planned nodes 
142H-L. In the example provided, the radiation dose at the 
planned nodes 142H-L are each increased by a modi?ed 
dose. HoWever, in other embodiment, the planned doses may 
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be decreases or remain the same. Additionally, neW nodes 
such as the modi?ed node 144M may be added to the 
radiation treatment delivery. 
[0056] In another embodiment, the radiation system may 
implement planned nodes 142 and modi?ed nodes 144 in 
any order, including alternating, depending at least in part on 
any dose differences 108 betWeen the planned doses 102 and 
the delivered doses 104 at one or more spatial nodes. 
Moreover, the radiation system may present modi?ed doses 
in a current treatment fraction or in subsequent treatment 
fractions. For example, the planned doses and delivered 
doses may be input into inverse planning for subsequent 
fractions or treatment sessions. Additionally, some embodi 
ments having suf?cient processing poWer may implement 
dose modi?cations in real-time during dose delivery at a 
node. For example, if the radiation beam is planned to be on 
for one time unit, the radiation system may determine during 
delivery of the radiation at a given node that the delivered 
dose is different from the planned dose. In response to such 
a determination, the radiation system may dynamically 
modify the radiation dose and complete radiation delivery at 
the node according to the modi?ed dose. 
[0057] In a further embodiment, the radiation system may 
take into account a dynamic motion of the target in calcu 
lating the planned and delivered doses. For example, the 
radiation system may consider rotation, translation, and 
deformation of the target over time. Rotation refers to 
rotation of the target about an axis With respect one of the 
spatial nodes. Translation refers to movement of the target in 
a direction With respect to one of the spatial nodes. Defor 
mation refers to deformation of the target, e.g., stretching, 
tWisting, etc., With respect to one of the spatial nodes. In one 
embodiment, the radiation system may develop tWo-, three-, 
or four-dimensional models to describe the rotation, trans 
lation, or deformation of the target. Alternatively, the radia 
tion system may monitor the rotation, translation, and defor 
mation of the target in real-time. Radiation doses, as Well as 
node locations and delivery times and durations, may be 
modi?ed to change the radiation dose delivered to the target. 
[0058] The illustrated optimiZed node set 140 is imple 
mented via a linear accelerator (LINAC) 552 that is mounted 
on a robotic arm 590 (embodiments of the LINAC 552 and 
robotic arm 590 are described in more detail With reference 

to FIGS. 10 and 11). In alternative embodiments, the opti 
miZed node set 140 may be implemented using other tech 
nology such as a gantry or other radiation system. 

[0059] FIG. 6B illustrates a schematic diagram of another 
embodiment of an optimiZed node set 146. In particular, the 
alternative optimiZed node set 146 may be delivered by a 
gantry-based radiation system or any another radiation sys 
tem that is not a LINAC 552 on a robotic arm 590. Although 
a speci?c number of nodes are shoWn in FIGS. 6A and 6B, 
other implementations may employ feWer or more nodes. 
Furthermore, other embodiments may modify more or less 
nodes and may determine such modi?cation(s) based on arty 
number of previous nodes individually or in combination. 
Additionally, modi?ed doses 144 may be determined based 
on a single delivered dose 104 or a combination of several 
delivered doses 104, including delivered doses 104 corre 
sponding to planned doses 102, modi?ed doses 144, or both. 
[0060] FIG. 7 illustrates a schematic ?oW chart of a 
treatment optimiZation method 150. In one embodiment, the 
depicted treatment optimiZation method 150 may be imple 
mented in hardWare, softWare, and/or ?rmWare on a treat 
















